Introduction {#s1}
============

Mesenchymal stem cells (MSCs) are multipotent progenitors and can undergo self-renewal and differentiate into multi-lineages, including osteogenic, chondrogenic, and adipogenic lineages [@pone.0094397-Prockop1]--[@pone.0094397-Lamplot1]. While MSCs have been isolated from numerous tissues, one of the major sources in adults is bone marrow stromal cells. Several major signaling pathways, such as bone morphorgenetic proteins (BMPs) and Wnt, participate in regulating the lineage-specific commitment and differentiation [@pone.0094397-Deng1], [@pone.0094397-Lamplot1]--[@pone.0094397-Kim1] although the detailed molecular mechanisms governing MSC self-renewal and differentiation remain to be thoroughly understood.

Genetic manipulations involving in stable transgene expression are usually desired to dissect the regulatory circuitry of MSC biology. However, it has been well documented that stable transgene expression in stem cells or progenitor cells is silenced or significantly reduced over time [@pone.0094397-Ellis1], [@pone.0094397-Hotta1]. For example, in embryonic stem cells (ESCs) the control of the gene expression program that establishes and maintains ESC state is dependent on a small number of master transcription factors as most of the chromatin is in a repression state [@pone.0094397-Fisher1]--[@pone.0094397-Beisel1]. Conventional stable transgene expression approaches usually involve in the employment of retroviral or lentiviral vector to generate stable integration in stem cells. However, transgene expression is often low or reduced over time [@pone.0094397-Ellis1], [@pone.0094397-Hotta1]. This phenomenon may be caused by either single or low copy numbers of transgenes integrated into host genome, and/or epigenetic modifications of the constitutive promoters (either viral promoters or non-viral housekeeping gene promoters) [@pone.0094397-Fisher1]--[@pone.0094397-Orkin1], [@pone.0094397-Stewart1].

In this study, in order to achieve high level and stable transgene expression in progenitor cells such as MSCs, we choose to use the recently developed *piggyBac* transposon system, which can effectively integrate multiple copies of the transgene into relatively AT-rich regions of host chromosomes [@pone.0094397-Kim2], [@pone.0094397-DiMatteo1]. We systematically analyzed six types of constitutive promoters for their abilities to drive the expression of reporter genes RFP and firefly luciferase in somatic HEK-293 cells and MSC-like iMEF cells. We have found that cytomegalovirus (CMV) derived promoters drive the highest transgene expression in HEK-293 cells, which is however significantly reduced in MSCs. Conversely, the human elongation factor-1α/HIV enhancer composite promoter (hEFH) exhibits the highest transgene expression in MSCs whereas its promoter activity is modest in HEK-293 cells. Further analysis indicates that the reduced transgene expression driven by CMV promoters in MSCs may be at least in part caused by DNA methylation, or to a lesser extent histone deacetlyation. The hEFH promoter, on the other hand, is not significantly affected by these epigenetic modifications. Thus, our results demonstrate that the hEFH composite promoter may be an ideal promoter to drive long-term transgene expression using the *piggyBac* transposon vectors in stem cells such as MSCs.

Materials and Methods {#s2}
=====================

Cell culture and chemicals {#s2a}
--------------------------

HEK-293 cells were from ATCC (Manassas, VA). The iMEFs were immortalized mouse embryonic fibroblasts as previously described [@pone.0094397-Huang1]. The cell lines were maintained in the conditions as described [@pone.0094397-Huang1]--[@pone.0094397-Gao1]. Trichostatin A (TSA) and 5-azacytodine were purchased from Sigma-Aldrich (St Louis, MO). Unless indicated otherwise, all chemicals were purchased from Sigma-Aldrich or Fisher Scientific (Pittsburgh, PA).

Construction of *piggyBac* vectors expressing RFP or firefly luciferase driven by different promoters {#s2b}
-----------------------------------------------------------------------------------------------------

A homemade *piggyBac* vector pMPB, which contains the *piggyBac* terminal repeats (PB-TRs), core insulators (CIs) and blasticidin B selection maker (BSD), was used as the base vector. DNA fragments containing CMV (from pEGFP-N1), CMV-IVS (from pcDNA6/TR), hEFH (from pSOS vector) [@pone.0094397-Luo1], SV40 (from pcDNA6/TR), and UbC (from pNEBR-R1) were PCR amplified and subcloned into the pMPB vector, in front of the coding region of monomeric RFP (mRFP, or RFP) or firefly luciferase (FLuc). The CAG-hEFH composite promoter was constructed by subcloning the CAG promoter (CAG from pCX-EGFP vector) [@pone.0094397-Miyazaki1], [@pone.0094397-Niwa1] in front of the hEFH promoter. The constructed RFP expression vectors include pMPB-CMV-RFP, pMPB-CMV-IVS-RFP, pMPB-SV40-RFP, pMPB-UbC-RFP, pMPB-hEFH-RFP, and pMPB-CAG-hEFH-RFP. Similarly, the constructed firefly luciferase expression vectors include pMPB-CMV-FLuc, pMPB-CMV-IVS-FLuc, pMPB-SV40-FLuc, pMPB-UbC-FLuc, pMPB-hEFH-FLuc, and pMPB-CAG-hEFH-FLuc. All PCR amplified fragments were verified by DNA sequencing. Detailed information regarding vector constructions is available upon request.

Establishment of HEK-293 and iMEF stable lines expressing RFP or firefly luciferase {#s2c}
-----------------------------------------------------------------------------------

To generate HEK-293 and iMEF stable cells, the above pMPB based vectors were co-transfected with a *piggyBac* transposase expression vector (System Biosciences, Mountain View, CA) into HEK-293 cells or iMEF cells with Lipofectamine (Invitrogen). Stably cells were selected in the presence of Blasticidin S. The stable pools for each promoter/cell line were scaled up, and the frozen cell stocks were kept in LN~2~ tanks.

Genomic DNA isolation and PCR analysis {#s2d}
--------------------------------------

Genomic DNA was isolated from the HEK-293 and iMEFs stable lines using alkaline lysis protocol. Briefly, one confluent well of 6-well plates for each stable cell line was collected and lyzed in freshly prepared 0.2M NaOH/1 mM EDTA at 85°C for 20 min. The cell lysate was extracted with PC-8 (phenol:chloroform, pH 8.0), and genomic DNA was ethanol precipitated and subjected to semi-quantitative PCR using primers specific for mRFP: 5′-CCC CGT AAT GCA GAA GAA GA-3′ and 5′-CTT GGC CAT GTA GGT GGT CT-3′. All genomic DNA samples were normalized with their GAPDH level using human and mouse GAPDH primers: for human, 5′-CAA CGA ATT TGG CTA CAG CA-3′ and 5′-AGG GGA GAT TCA GTG TGG TG-3′; and for mouse, 5′-ACC CAG AAG ACT GTG GAT GG-3′ and 5′-CAC ATT GGG GGT AGG AAC AC-3′. A touchdown PCR program was carried out as described [@pone.0094397-Li1], [@pone.0094397-Zhang1], [@pone.0094397-Sharff1]--[@pone.0094397-Wang1]: 94°C for 2 min for 1 cycle; 92°C for 20 s, 68°C for 30 s, and 72°C for 12 cycles decreasing 1°C per cycle; and then at 92°C for 20 s, 57°C for 30 s, and 72°C for 20 s for 20--25 cycles. PCR products were resolved and visualized on 1.2% agarose gels.

FACS analysis {#s2e}
-------------

Subconfluent HEK-293 or iMEF stable cells were collected at 36 h after plating, washed with PBS, and subjected to flow cytometric analysis of RFP-expressing cells using the BD LSR II Flow Cytometer and the FlowJo software. Parental HEK-293 and iMEF cells were used as blank controls. Each assay condition was done in triplicate.

Firefly luciferase assay {#s2f}
------------------------

For firefly luciferase reporter assay, subconfluent HEK-293 or iMEF stable cells were lyzed at 36 h after plating, and collected for measuring luciferase activity using the Luciferase Assay Kit (Progema, Madison, WI) as described [@pone.0094397-Zhang2]--[@pone.0094397-Shui1]. Each assay condition was done in triplicate.

Statistical analysis {#s2g}
--------------------

Quantitative experiments were performed in triplicate and/or repeated three times. Data were expressed as mean ±SD. Statistical significances between vehicle treatment *vs*. drug-treatment were determined by one-way analysis of variance and the Student\'s *t* test. A value of *p*\<0.05 was considered statistically significant.

Results and Discussion {#s3}
======================

*piggyBac* transposon vectors mediate an efficient and stable integration of transgenes in HEK-293 cells and mesenchymal stem cells iMEFs {#s3a}
-----------------------------------------------------------------------------------------------------------------------------------------

In order to achieve a high level of transgene expression in mesenchymal stem cells (MSCs), we conducted a comprehensive analysis of six commonly-used constitutive promoters for their abilities to drive reporter genes RFP and luciferase in the stable lines of MSCs and the widely used somatic line HEK-293 cells. The six commonly-used promoters include three viral promoters (CMV, CMV-IVS, and SV40), one housekeeping gene promoter (UbC), and two composite promoters of viral and housekeeping gene promoters (human elongation factor α/HIV enhancer composite promoter, or hEFH, and CAG promoter linked with hEFH, or CAG-hEFH) ([**Figure 1A**](#pone-0094397-g001){ref-type="fig"}). We took advantage of the *piggyBac* transposon system and subcloned the six types of promoters in front of RFP ([**Figure 1A, panel a**](#pone-0094397-g001){ref-type="fig"}) or luciferase ([**Figure 1A, panel b**](#pone-0094397-g001){ref-type="fig"}) gene.

![*piggyBac* transposon vectors that stably express RFP or firefly luciferase driven by different eukaryotic promoters.\
(**A**) Schematic representation of the piggyBac transposon vectors used in this study. The homemade *piggyBac* transposon vector pMPB was used as a base vector. Six forms of promoters were subcloned into the linker sites to drive the expression of monomeric red fluorescent protein (mRFP) (***a***) or firefly luciferase (FLuc) (***b***) as described in [Methods](#s2){ref-type="sec"}. PB-TR, *piggyBac* terminal repeat elements; CIs, core insulators; BSD, blasticidin S selection marker; Pa, SV40 poly A signal. (**B**) Verification of the *piggyBac* vector-mediated stable integrations in HEK-293 cells and iMEFs. Stable HEK-293 (***a***) and iMEF (***b***) lines were established using the six promoter vectors and pMPB empty vector (EV) as described in [Methods](#s2){ref-type="sec"}. Genomic DNA was isolated from these lines, and subjected to touchdown PCR analysis using the primer pair specific for mRFP or FLuc (not shown). GAPDH was used to normalize the genomic DNA level used in the PCR analysis.](pone.0094397.g001){#pone-0094397-g001}

The verified vectors were co-transfected with the *piggyBac* transposase expression vector into HEK-293 and iMEF cells under the same condition. Stable cell pools for each promoter were obtained in a week. To assess the integration status of the *piggyBac* vectors, we isolated the genomic DNA from each stable cell lines and detected the presence of transgenes by PCR analysis. We found that the integration levels of the six promoter-driven RFP vectors were relatively consistent in both HEK-293 and iMEF cells ([**Figure 1B**](#pone-0094397-g001){ref-type="fig"}). We also performed quantitative PCR analysis and found that the copy numbers of the integrated transgene (RFP) were comparable within the same lines (data not shown). Similar results were obtained for the stable lines derived from the six promoter-driven luciferase vectors (data not shown). These results demonstrate that the *piggyBac*-based vectors achieved a similar level of integration efficiency for the tested promoters in the tested cell lines.

CMV-based promoters drive the highest level of stable transgene expression in HEK-293 cells {#s3b}
-------------------------------------------------------------------------------------------

The cytomegalovirus promoter CMV is one of the most commonly used and also the strongest constitutive promoters. When the RFP expression driven the six promoters in the stable 293 lines was compared, we found that the CMV and CMV-IVS promoters exhibited the highest RFP expression, while the RFP expression driven by hEFH, CAG-hEFH, and SV40 promoters was readily detectable ([**Figure 2A**](#pone-0094397-g002){ref-type="fig"}). The UbC promoter was shown to be weakest among the six to drive RFP expression in HEK-293 cells.

![CMV-based promoters drive the highest transgene expression in somatic HEK-293 cells.\
(**A**) RFP expression of the stable HEK-293 cells derived from the six different promoters. Exponentially growing stable cells were seeded at subconfluency. RFP expression was recorded at 36 h after plating under the same condition for all lines. Representative results are shown. (**B**) The *piggyBac* transposon vectors expressing firefly luciferase driven by the six types of promoters were used to establish stable HEK-293 and iMEF lines. Exponentially growing stable HEK-293 cells were seeded at subconfluence and lysed at 36 h after plating for luciferase activity analysis using the Luciferase Assay System kit (Promega). Each assay conditions were done in triplicate.](pone.0094397.g002){#pone-0094397-g002}

We further carried out two quantitative analyses of the promoter activities. First, using firefly luciferase reporter gene, we found that CMV and CMV-IVS promoters yielded the highest luciferase activities, followed by hEFH, CAG-hEFH, and SV40 promoters, whereas UbC was the weakest promoter in driving luciferase expression ([**Figure 2B**](#pone-0094397-g002){ref-type="fig"}). Secondly, we conducted FACS analysis to determine the percentage of RFP-positive cells in the HEK-293 stable lines ([**Figure 3A**](#pone-0094397-g003){ref-type="fig"}). The highest RFP-positivity was found in CMV and CMV-IVS-driven RFP stable lines, followed by CAG-hEFH promoter, to a lesser extent, hEFH and SV40 promoters, whereas UbC promoter yielded the lowest percentage of RFP-positive cells ([**Figure 3B**](#pone-0094397-g003){ref-type="fig"}). It\'s noteworthy that we further found that the CMV promoter is the strongest in several human cancer lines, including HCT116, 143B, MG63, and SW480 (data not shown). Taken together, these results indicate that the constitutive viral promoters CMV and CMV-IVS exhibit the strongest ability to drive *piggyBac* transposon-mediated stable transgene expression in HEK-293 cells.

![FACS analysis of RFP-positive cells in stable HEK-293 cells.\
Exponentially growing stable 293 cells derived from the six different promoters were seeded at subconfluence, collected at 36(**A**). Average % of RFP positive cells for the stable lines was plotted (**B**).](pone.0094397.g003){#pone-0094397-g003}

The hEFH composite promoter drives the highest level of stable transgene expression in mesenchymal stem cells (MSCs) {#s3c}
--------------------------------------------------------------------------------------------------------------------

It is generally believed that chromatins are mostly in repression model and thus gene expression is more tightly regulated in stem cells [@pone.0094397-Fisher1]--[@pone.0094397-Beisel1]. Thus, we compared the promoter activities in MSCs. Using our previously established and characterized MSC line iMEFs [@pone.0094397-Huang1], we established stable lines expressing RFP or firefly luciferase driven under the control of the six promoters. Unlike in HEK-293 cells, we found that the highest RFP expression was found in the hEFH-driven RFP stable iMEFs, whereas detectable but significantly reduced RFP signal in the iMEF stable lines derived from CMV, CMV-IVS, SV40, UbC, and CAG-hEFH promoters ([**Figure 4A**](#pone-0094397-g004){ref-type="fig"}). Similar results were obtained from the luciferase stable lines derived from these promoters. The hEFH promoter drove the highest luciferase activity although the UbC promoter exhibited an appreciable luciferase activity ([**Figure 4B**](#pone-0094397-g004){ref-type="fig"}). FACS analysis demonstrated that although most stable lines exhibited between 20--50% positivity ([**Figure 5A**](#pone-0094397-g005){ref-type="fig"}), the hEFH promoter yielded the highest percentage of RFP-positive cells in the iMEF stable line ([**Figure 5B**](#pone-0094397-g005){ref-type="fig"}). Collectively, these results demonstrate that the hEFH composite promoter drives the highest transgene expression of stable iMEF lines using the *piggyBac* transposon vector.

![Human elongation factor α/HIV enhancer hybrid promoter (hEFH) drives the highest level of transgene expression in mesenchymal stem cells.\
(**A**) RFP expression of the stable iMEFs derived from the six different promoters. Exponentially growing stable cells were seeded at subconfluence. RFP expression was recorded at 36 h after plating under the same condition for all lines. Representative results are shown. (**B**) The *piggyBac* transposon vectors expressing firefly luciferase driven by the six types of promoters were used to establish stable iMEs. Exponentially growing stable iMEFs were seeded at subconfluence and lysed at 36 h after plating for luciferase activity analysis using the Luciferase Assay System kit (Promega). Each assay conditions were done in triplicate.](pone.0094397.g004){#pone-0094397-g004}

![FACS analysis of RFP-positive cells in stable iMEFs.\
Exponentially growing stable iMEFs derived from the six different promoters were seeded at subconfluence, collected at 36(**A**). Average % of RFP positive cells for the stable lines was plotted (**B**).](pone.0094397.g005){#pone-0094397-g005}

Transgene expression driven by CMV promoter, but not hEFH promoter, is silenced by DNA methylation and, to a lesser extent, histone deacetylation in mesenchymal stem cells {#s3d}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We conducted further analysis of the CMV promoter-driven transgene expression in MEFs. We found that during the process of stabling stable line, CMV-driven RFP expression steadily decreased in the first 2--3 weeks after drug selection ([**Figure 6A**](#pone-0094397-g006){ref-type="fig"} **, panel a**). We checked if the reduced transgene expression driven by the CMV promoter in MSCs was caused by epigenetic modifications. When the long-term stable line derived from CMV-RFP was treated with the demethylation agent 5-azacytidine (5-aza), the RFP expression was restored in a dose-dependent manner ([**Figure 6A**](#pone-0094397-g006){ref-type="fig"} **, panel b**). When the stable line was treated with the histone deacetylase (HDac) inhibitor trichostatin A (TSA), the RFP expression was partially restored ([**Figure 6A**](#pone-0094397-g006){ref-type="fig"} **, panel c**). Conversely, the iMEF stable line derived from hEFH-RFP was shown to express a high level of RFP, which was not significantly affected by either 5-azacytidine or TSA ([**Figure 6B**](#pone-0094397-g006){ref-type="fig"}). Thus, our results strongly suggest that methylation of CMV promoter and to a lesser extent histone deacetylation may be at least in part responsible for the reduced transgene expression in MSCs, and that the hEFH hybrid promoter may be refractory to these epigenetic modifications. Therefore, the hEFH promoter can be used to drive a high level of stable transgene expression in stem cells, such as mesenchymal stem cells.

![Transgene expression driven by CMV promoter, but not hEFH promoter, is silenced by DNA methylation and, to a lesser extent, histone deacetylation in mesenchymal stem cells.\
(**A**) Stable iMEF lines expressing RFP driven by CMV promoter were selected and cultured for up to 4 weeks (***a***), or the stable line was treated with the indicated concentrations of 5-azacytidine (***b***) or histone deacetylase (HDAC) inhibitor trichostatin A (TSA) (***c***). RFP expression was recorded at 48 h post treatment. (**B**) The hEFH-driven RFP expression was not affected in iMEFs by 5-azacytidine (8 mM) or trichostatin A (200 nM). All RFP images were recorded under the same condition. All treatment groups were done in duplicate. Representative results are shown.](pone.0094397.g006){#pone-0094397-g006}

Composite hEFH promoter may be one of the best choices for driving high levels of stable transgene expression in stem cells {#s3e}
---------------------------------------------------------------------------------------------------------------------------

In this study, we used the *piggyBac* transposon vector as the means to establish stable transgene expression. The *piggyBac* transposon system offers significant advantages over the retroviral or lentiviral system [@pone.0094397-Kim2], [@pone.0094397-DiMatteo1]. First, *piggyBac* vector can deliver large cargo sizes, up to 100kb of DNA fragments, into mammalian cells. Second, unlike retroviral or lentiviral infection, *piggBac* vectors can be delivered into cells with multiple copies so it is easy to achieve high levels of transgene expression. Third, *piggyBac* exhibits non-random integration site selectivity and has a higher preference for integrations in regions surrounding AT-rich transcriptional start sites [@pone.0094397-Wilson1]. We compared the RFP expression in the stable iMEFs cells established with a *piggyBac* vs. retroviral vector and found that piggyBac vector delivers significantly stronger RFP expression (data not shown). Lastly, it is conceivable that *piggyBac* transposon can be removed from the host genome by its transposase and thus leaves no footprints using the excision-only/dominant forms of mutant *piggyBac* transposase have recently been reported [@pone.0094397-Li2], [@pone.0094397-Yusa1]. Thus, it is conceivable that the *piggyBac* transposon-mediated transgene expression can be reversible and footprint-free. Nonetheless, it remains to be thoroughly investigated if *piggyBac* transposon is subjected to extensive epigenetic modifications in stem cells, while it is well known that retroviral and/or lentiviral vectors are extensively modified in progenitor cells [@pone.0094397-Ellis1], [@pone.0094397-Hotta1], [@pone.0094397-Choi1], [@pone.0094397-RivalGervier1].

The maintenance of stem cells and their differentiation follows defined epigenetic programs, including DNA methylation, histone modifications and small non-coding RNAs that result in gene expression, morphologic and functional changes. It was shown that human embryonic stem (ES) cells were even able to silence pluripotent promoter-driven reporter genes, such as TERT or OCT4 promoter-driven EGFP, with high efficiency [@pone.0094397-Stewart1]. Studies in human ES cells found that transgene silencing was quite marked, most notably with the pCMV promoter, while the CAGG composite promoter linked to the polyoma virus mutant enhancer PyF101 yielded stable expression clones for over 120 passages [@pone.0094397-Liew1]. Interestingly, promoter silencing may be related to the proliferation versus differentiation status of the stem cells. It was reported that, when the transcriptional activities of three ubiquitous promoters, EF1α, phosphoglycerate kinase-1 (PGK) and CMV, were compared in mouse ES cells, in undifferentiated ES cells the EGFP expression driven by the EF1α was most stable, followed by the PGK, whereas the down-regulation of EGFP expression driven by the CMV promoter was most significant during propagation up to passage 35, although a few differentiated cells with the CMV promoter showed bright EGFP expression like that with the EF1α promoter [@pone.0094397-Wang3]. In our studies, based on the strong promoter activities of CAG in HEK-293 and hEFH in iMEFs we engineered a hybrid promoter containing both promoters (CAG-hEFH), hoping to obtain one of the strongest promoters in stem cells. To our surprise, this hybrid promoter exhibits very limited improvement in its promoter activity. In fact, it\'s significantly worse than that of hEFH alone. While we do not have any satisfactory explanation for these results, it may reflect the complex transcriptional regulations of these promoters in stem cells.

Epigenetic regulation of CMV promoter was further examined in transgenic animal model. It was found that silencing of CMV promoter is dependent on the site of transgene integration, except in testis, and the nature of DNA and histone methylations strongly correlate with the expression status of the reporter [@pone.0094397-Mehta1]. Mechanistically, it was shown that silenced CMV promoter interacts in vivo with Methyl CpG binding protein 2 (MeCP2), a recruiter of histone deacetylases (HDACs) and histone (H3K9) methyl transferase [@pone.0094397-Mehta1]. We demonstrate that 5-azacytidine and to a lesser extent TSA can effectively reverse epigenetic modifications of the CMV promoter in MSCs. Our findings are supported by an early report, in which firefly luciferase activity was maximally rescued by treatment with 5-azacytidine, compared with TSA, in a dose-dependent fashion in embryonic rat cardiomyoblast cells [@pone.0094397-Krishnan1].

Most eukaryotic cells abundantly express polypeptide chain elongation factor-1 alpha (EF-1α) [@pone.0094397-WakabayashiIto1]. Thus, the promoter region of human EF-1α) has been developed into a versatile expression system which has a wide host range and a high efficiency of gene expression [@pone.0094397-Kim3]. In our study, we used the hEFH composite promoter comprising human EF-1α core promoter and the R-U5′ sequenced of the HTLV type 1 long terminal repeat. Our results have demonstrated this composite promoter exhibits a strong activity and yields long lasting expression of a transgene in MSCs. Thus, the hEFH promoter should be a preferred choice to drive a stable and high level of transgene expression in progenitor cells.
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